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nducted in Nellis Dunes Recreational Area (Clark County, Nevada, USA) to
investigate emission of dust produced by off-road driving. Experiments were carried out with three types of
vehicles: 4-wheelers (quads), dirt bikes (motorcycles) and dune buggies, on 17 soil types characteristic for a
desert environment. Tests were done at various driving speeds, and emissions were measured for a large
number of grain size fractions. This paper reports the results for two size fractions of emissions: PM10
(particles b10 μm) and PM60 (particles b60 μm). The latter was considered in this study to be sufficiently
representative of the total suspendable fraction (TSP). Off-road driving was found to be a significant source of
dust. However, the amounts varied greatly with the type of soil and the characteristics of the top layer.
Models predicting emission of dust by off-road driving should thus consider a number of soil parameters and
not just one key parameter. Vehicle type and driving speed are additional parameters that affect emission. In
general, 4-wheelers produce more dust than dune buggies, and dune buggies, more than dirt bikes. Higher
speeds also result in higher emissions. Dust emitted by off-road driving is less coarse than the parent
sediment on the road surface. Off-road driving thus results in a progressive coarsening of the top layer.
Exceptions to this are silty surfaces with no, or almost no, vegetation. For such surfaces no substantial
differences were observed between the grain size distribution of road dust and emitted dust. Typical emission
values for off-road driving on dry desert soils are: for sandy areas, 30–40 g km−1 (PM10) and 150–250 g km−1

(TSP); for silty areas,100–200 g km−1 (PM10) and 600–2000 g km−1 (TSP); for drainages, 30–40 g km−1 (PM10)
and 100–400 g km−1 (TSP); and for mixed terrain, 60–100 g km−1 (PM10) and 300–800 g km−1 (TSP). These
values are for the types of vehicles tested in this study and do not refer to cars or trucks, which produce
significantly more dust.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction
The environmental impacts of dust emission, dust transport and
dust deposition have become a major concern since the early 1990s.
Atmospheric dust affects human health (Griffin et al., 2001; Smith and
Lee, 2003; Griffin et al., 2007; Meng and Lu, 2007) and is a source of
environmental pollution (Schulz, 1992; Wilkening et al., 2000; Pelig-
Ba et al., 2001; Ozer et al., 2007); it affects the fertility of soils,
especially in arid and semi-arid regions (Algharaibeh, 2000; Agbenin,
2001; Reynolds et al., 2001); it plays a crucial role in the functioning of
ecosystems (McTainsh and Strong, 2007), both on the continents
(Sterk et al., 1996; Herut and Krom, 1996; Mikkelsen and Langohr,
1998) and in the oceans (Duce and Tindale, 1991; Baker et al., 2003;
Meskhidze et al., 2005; Chase et al., 2006; Cassar et al., 2007); and it
affects human activities, including economy, politics and society
issues (Riksen, 2004). Although there are multiple processes involved
raphy Research Group, Katho-
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in producing and controlling dust emissions, these processes need to
be considered at different scales:

• On the global scale (including the continental scale) wind erosion is
the major source of dust. The huge amounts of dust emitted in
Africa, and its transport to the west (Atlantic Ocean, Caribbean,
South America) and north and northeast (Europe, Middle East) have
been well documented over the last 40 years (Roda et al., 1993;
Prospero, 1999; Eglinton et al., 2002; Chen and Siefert, 2004; Meloni
et al., 2004; Antoine and Nobileau, 2006; Gobbi et al., 2007). In East
Asia, the major sources of dust (China, Mongolia, Pakistan) and the
transport trajectories to the east (Korea, Japan, western Pacific) have
been described in detail (Shaw, 1980; Middleton, 1991; Zhang et al.,
1993; Zhou et al., 1996; Sun et al., 2004; Takemi and Seino, 2005).
Also, emission, transport and deposition of dust have been described
in the Middle East (Middleton, 1986; Ilaiwi and El Asskar, 1998;
Ganor and Foner, 2001; Goudie, 2002), Australia (Hesse, 1994;
Squires, 2002; Marx et al., 2005; McTainsh et al., 2005) and in the
western USA (Gillette et al., 1978; Gill and Cahill, 1992; Marcus and
Brazel, 1992; Gill et al., 2000; Reynolds et al., 2007).

• On the regional scale, dust is emitted by wind erosion but also by
human activities, especially (but not exclusively) agricultural
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mailto:Dirk.Goossens@ees.kuleuven.be
http://dx.doi.org/10.1016/j.geomorph.2008.12.001
http://www.sciencedirect.com/science/journal/0169555X
http://dx.doi.org/10.1016/j.geomorph.2008.12.001


Fig. 1. Location of Nellis Dunes Recreational Area, southern Nevada, USA.
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activity. Tillage has been shown to be a significant source of dust as it
is able to emit higher amounts of dust than wind erosion alone
(Goossens et al., 2001). A long history of research focusing on tillage
and dust emission exists for the USA (e.g., Matsumura et al., 1992;
Ashbaugh et al., 1996; Clausnitzer and Singer, 1996; Baker et al.,
2005). In Europe, the topic has been studied more recently
(Goossens et al., 2001; Funk and Reuter, 2004; Goossens, 2004).
The role of tillage as a dust production mechanism has also been
studied in China (Du et al., 2005).

• On the local scale, wind erosion and agricultural activity remain the
major sources of dust but other mechanisms also contribute to the
dust load. One of these is vehicle driving, either on paved or unpaved
roads. In the literature this type of emission has not yet received the
attention it deserves, although studies exist for paved (Venkatram,
1999; Venkatram et al., 1999; Etyemezian et al., 2003a; Kuhns et al.,
2003) and unpaved roads (Pinnick et al., 1985; Gillies et al., 1999;
Moosmüller et al., 1998; Etyemezian et al., 2003b; Kuhns et al., 2003;
Gillies et al., 2005).

Off-road driving can be a significant source of dust. A remarkable
example is the Nellis Dunes Recreational Area near Las Vegas, Nevada,
USA. This 37 km2 large area is managed by the Bureau of Land
Management (BLM) and is the sole area in southern Nevada that is
freely and legally accessible to the public for off-road driving. Over
285000 people visit the area annually (BLM, 2004) to drive their off-
road vehicles in the dunes, washes, desert pavements, rock-covered
hills and moon-like landscapes that characterize this part of the
Mojave Desert. More than forty years of off-road driving have resulted
in the creation of thousands of road tracks in the desert floor, with a
total length of several hundreds of km. Apart from dust emitted by
vehicles, these tracks, where the natural surface crust has been
destroyed, serve as a significant source of dust during episodes of
strong winds. All this has culminated in a continuous emission of dust
in the area, by both natural and human activity.

Nellis Dunes Recreational Area is a very complex area. The original
topography was already complicated as it is composed of an amalgam
of small and medium-sized hills, plateaus, ridges and depressions, but
40 years of off-road driving have made it even more complex due to
the numerous additional incisions that have been created along the
tracks. Also, the area is characterized by a very large number of surface
types. An ongoing study identified 17 different types of surfaces,
developed on loose dune sand, compacted sand, loose silt, compacted
and/or aggregated silt, rock-covered sands and silts, mixtures of sand,
silt and clay, exposed petrocalcic horizons, gravelly substrata and
bedrock. All these surfaces react differently when exposed to off-road
driving and wind erosion. Nellis Dunes Recreational Area is thus an
ideal place to study emission by off-road driving, and it also clearly
illustrates the importance of geomorphological and pedological
parameters in this matter.

Most studies on unpaved road emissions focus on one, or only a
limited selection of soil (or surface) types. This study investigates 17
surface types, typical for North-American deserts and other deserts
worldwide. Three types of vehicles were tested: dirt bikes (motor-
cycles), 4-wheelers (quads) and dune buggies. Other vehicles such as
cars and trucks were not examined, but the vehicles tested represent
more than 99% of all vehicles driven in the Nellis Dunes area.

The aim of the study was to quantify the emissions for each type of
vehicle, for various driving speeds, over all 17 surface types, and for
various grain size fractions. In this paper the results are presented for
PM10 (particles b10 μm) and PM60 (particles b60 μm), the latter of
which was considered sufficiently representative for TSP (Total
Fig. 2. Physiography of the study area. A: topography; B: geology (simplified after Castor a
B. McLaurin, D. Goossens and B. Buck, unpublished).
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Suspendable Particles). Data on additional grain size fractions (up to
100 μm) were collected, but these will be reported in a future
publication. Apart from the measured emissions, the study also
examines scenarios (typical runs through the area) to get a realistic
idea of the amounts of dust produced during off-road driving. Four
scenarios were calculated: typical runs through a sandy area, a silty
area, through drainages, and through mixed terrain. Finally, the effect
on the grain size of the topsoil from off-road driving is investigated
because roads are an important source of dust during episodes of
strong winds.

2. The experimental area

2.1. Situation

Nellis Dunes Recreational Area is located about 8 km from the
northeastern margin of the city of Las Vegas, Clark County, Nevada,
USA. It has a more or less triangular shape with N–S, W–E and SW–NE
sides of 8.0, 7.8 and 9.0 km respectively, and a small additional
rectangle 2.4 km×1.6 km in the SE (Fig. 1). It encompasses an area of
approximately 37 km2.

2.2. Topography

The Las Vegas Valley is located in the Great Basin region of the
Basin and Range physiographic province of the USA. It is an
intermountain valley, surrounded by generally N–S-trending moun-
tain ranges between 450 and 2100 m above the valley floor in the N
and E, and up to 3000 m above the valley floor in the west. Nellis
Dunes Recreational Area is located on the eastern side of the valley, in
between the Sheep Range (to the N) and the Sunrise and Frenchmen
nd Faulds, 2001); C: surface map (simplified from Nellis Dunes surface units map by
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Mountains (to the S), on a surface generally tilting from the NE to the
SW. A detailed topographic map of the area is shown in Fig. 2A. The
southwestern and southeastern parts of the area are generally flat,
tilting slightly to the SW. The central part shows a more complex
topography, with various SW–NE-oriented valleys separated by
elongated ridges and (especially in the NW) plateaus. The incision of
these valleys is more prominent in the south (25–35 m) than in the
north (usually about 15–20 m). In the northeastern corner the area
becomes slightly mountainous, with several SW–NE ridges separating
narrow valleys up to 50 m deep (Fig. 2A). These ridges culminate at
about 60–80 m above the surrounding landscape. Their altitude is
around 850 m a.s.l., whereas the lowermost parts of Nellis Dunes
Recreational Area (SWand SE corners) are situated at about 605ma.s.l.

2.3. Geology

Except from the mountains in the northeast, which are of pre-
Tertiary age and consist of limestone, Nellis Dunes Recreational Area is
mainly composed of incised fan remnants and exposed late Tertiary and
Quaternary sediments (Fig. 2B). The late Tertiary deposits are believed to
be the Muddy Creek Formation (~10 to 5 Ma). They consist of 2–50 m
thick limestone that overlies, and is partially interbedded with, a marl
sequence as much as 10 m thick. The marl locally contains rock
fragments of limestone, and thin gypsite layers (Castor and Faulds,
2001). A fine-grained sandy sequence underlies the limestone andmarl.
In the SWand SE corners of the field Quaternary to late Tertiary alluvial
fans and fan remnants occur. The center of the southern portion of the
field area is characterized by an extended zone of dune sands, which
cover the Tertiary deposits. Althoughmuch of the sand is generally only
a few dm thick, many highly active barchanoid ridges (oriented NW–SE)
are present. These ridges canbeupto250m longandare oneof themost
popular off-road driving zones in the area.

2.4. Soils

Soil development is negligible in the areas of bedrock exposure
(these include the badlands of exposed Muddy Creek Formation) and
active sand dunes. In these regions the surficial characteristics are
controlled by the underlying geology or dune sand characteristics. In
the remaining areas (primarily the fan remnants), the soils are
characterized by thin (0–10 cm), platy, alkaline, A and Av (vesicular)
horizons containing low amounts of organic matter. Vesicular A (Av)
horizons are almost always associated with desert pavements. Well-
developed soils occur primarily in the southeast and southwestern
portions of the field area. They contain pedogenic accumulations of
calcium carbonate at depth (~15 to N100 cm), forming calcic and
petrocalcic horizons. In many areas (especially in the western portion
of the field) the surface horizons are eroded exposing the calcic or
petrocalcic horizons at the surface. In these areas, much of the surface
gravels can be composed of broken fragments of the petrocalcic
horizons. Pedogenic gypsum and other salt minerals are negligible or
absent. Soils in the study area are classified as Typic Haplocalcids,
Calcic Petrocalcids and Typic Torriorthents.

2.5. Climate

Nellis Dunes Recreational Area is located in the northeastern part
of the Mojave Desert and is thus characterized by an arid climate.
Summers are hot and dry, with temperatures over 40 °C, whereas
winters are mild, with an average daily maximum in January around
13.5 °C. Average annual temperature is 19.5 °C (Lazaro et al., 2004).
Precipitation is low, partly because of the rain shadow created by the
Sierra Nevada Range and the Spring Mountains west of Las Vegas,
which protect the area from large western synoptic systems (BLM,
2004). Average annual precipitation is 105 mm, but may vary sub-
stantially between years. Monthly average precipitation ranges from
Please cite this article as: Goossens, D., Buck, B., Dust emission by o
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2mm in June to 14mm in February. Scattered thunderstorms typically
occur at the end of July and the beginning of August.

Average annual wind speed is about 4.1 m s−1 in Las Vegas but is
slightly higher in the Nellis Dunes. Winds blow mainly from the NE
from November to March and from the south in April–September.
During episodes of strongwinds blowing sand and dust are a common
phenomenon in Nellis Dunes Recreational Area although the aeolian
activity varies considerably over the field. The dunes and loose silty
deposits in the west are much more active than the stabilized silt,
gravel and bedrock substrata in the east. In the west, visibility during
periods of heavy sediment transport can be as low as a few m.

2.6. Surface units

Nellis Dunes Recreational Area is characterized by a large number
of surface units. At least 17 types of surfaces were recognized during
this study. Surface type is a key factor in the off-road experiments
reported here and more information is therefore given below.

2.6.1. General classification
Four major surface classes can be distinguished in the Nellis Dunes

area (see also Fig. 2C):

1. Sands and sand-affected areas: active or stabilized sands, with or
without rock fragments and/or vegetation;

2. Silt/clay areas: loose and slightly stabilized silt/clay deposits, with
or without rock fragments;

3. Rock-covered areas: stabilized silty or sandy silty deposits with
rock fragments on top, desert pavements over a silty sublayer,
bedrock, and petrocalcic horizons;

4. Drainage areas: active drainages in sand and silt areas, and gravelly
drainages.

Fig. 2C shows that the sand units are present in the center of the
southern portion of the test field, whereas the silt/clay areas
predominantly occur in the NW. Rock-covered areas encompass
almost all of the eastern part of the Nellis Dunes field. Bedrock is
mainly outcropping in the northeastern mountains. Drainages (not
shown on the map because they are too numerous to be all displayed)
occur all over the field except in the central sand dunes, and mature
drainages are also absent in the northeastern mountains because of
the limited size of the hydrological catchments in this area.

A description of each surface type is given in the next sections.
Information on mechanical and sedimentological properties is
presented in Table 1. Fig. 3 shows a photograph of each surface type
for comparisons to other regions.

2.6.2. Sand and sand-affected areas

2.6.2.1. Surface unit 1.1: dunes with no vegetation. Active sand dunes
and sand sheets with no vegetation. The depth of the active sand layer
varies from a few dm to several m. Sparse rock fragments may outcrop
locally where the sand layer is very shallow. Surface crusts are absent.

2.6.2.2. Surface unit 1.2: dunes with vegetation. Dune sands with
sparse and isolated shrubs. The sand is active and there is no surface
crust. Small coppice dunes may be present. Rock fragments may occur
on the surface, but rock cover is low and does not affect the deflation.

2.6.2.3. Surface unit 1.3: disturbed sand surfaces. Mixture of loose and
active sand, rock fragments and (eventually) bedrock. This unit
typically occurs in areas where shallow sands cover a substratum of
petrocalcic horizons and/or bedrock and disturbance by human
activity is high (parking lots, road shoulders, etc.).

2.6.2.4. Surface unit 1.4: patchy layers of sand over silty/rocky subsoil.
These surfaces show an almost continuous layer of sand (depth
ff-road driving: Experiments on 17 arid soil types, Nevada, USA,
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Table 1
Characteristics of the 17 surface units

Surface
unit

Soil texture Rock fragments Surface crust Surface resistance Vegetation

N2000 μm 1000–
2000 μ

710–
1000 μm

500–
710 μm

250–
500 μm

180–
250 μm

105–
180 μm

63–
105 μm

b63 μm Median grain
diameter
(fraction
b500 μm)

Rock cover (on surface) Rock content
(N2 mm in upper
15 mm)

Presence Normal
resistance

Tangential
resistance

Vegetation
covertotal area non-vegetated

area only

(%) (%) (%) (%) (%) (%) (%) (%) (%) (μm) (%) (%) (%) (kg cm−2) (kg cm−2) (%)

Sands and sand-affected surfaces
1.1 00.01 0.01 0.01 0.03 12.03 58.77 26.97 2.12 0.07 209.98 0.0 0.0 0.01 No 0.136 0.051 0.5
1.2 13.86 0.61 0.23 0.17 4.06 21.14 48.32 10.50 0.88 181.50 4.3 4.6 13.86 No 0.143 0.134 8.7
1.3 49.74 2.76 0.99 8.75 3.01 4.10 24.25 5.15 1.08 178.45 54.6 54.9 49.74 No 0.159 0.171 0.5
1.4 40.84 0.60 0.16 0.22 0.44 2.01 45.42 8.43 1.44 153.21 23.6 28.3 40.84 No 0.149 0.244 18.3
1.5 10.77 6.70 2.14 1.70 7.58 9.03 46.69 11.77 2.35 152.20 4.3 4.3 10.77 Yes 0.615 0.710 1.0

Silt/clay surfaces
2.1 19.62 2.46 1.19 1.69 7.97 13.35 18.02 26.20 8.63 155.94 3.4 4.1 19.62 Yes 0.210 0.780 16.8
2.2 24.45 5.86 3.70 3.96 9.81 7.47 15.13 15.29 10.95 52.35 11.3 11.6 24.45 Yes 0.207 0.689 2.1
2.3 31.85 18.67 9.31 10.21 14.34 4.45 4.56 3.09 3.02 122.54 2.7 2.7 31.85a Yes 0.117 0.364 0.0
2.4 42.31 1.65 1.17 1.76 8.79 12.79 21.21 7.40 2.88 192.97 31.7 31.9 42.31 Yes 1.112 1.940 0.5

Rock-covered surfaces
3.1 74.40 1.80 1.26 0.88 2.97 2.95 8.19 5.77 1.47 117.26 94.9 97.8 74.40 Nob NAb NAb 3.0
3.2 46.68 5.01 2.30 1.97 5.15 5.32 20.38 9.24 3.31 135.91 64.4 75.6 46.68 Yes 1.109 1.451 14.4
3.3 32.29 1.63 0.55 0.50 1.12 2.07 41.07 18.37 2.34 139.98 32.6 40.1 32.29 Yes 1.152 0.969 18.4
3.4 20.81 2.73 0.83 1.19 6.33 9.38 38.43 16.90 2.90 156.68 22.6 25.1 20.81 Yes 0.218 0.560 10.1
3.5 99.99 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 84.79 94.3 98.5 99.99 Noc NAc NAc 4.4

Drainage surfaces
4.1 94.77 1.24 0.38 0.36 1.11 0.55 1.25 0.25 0.07 211.10 97.9 97.9 94.77 Nob NAb NAb 0.0
4.2 63.93 4.50 1.24 1.10 6.43 10.02 9.82 2.17 0.56 229.08 76.0 76.0 63.93 No 0.085 0.127 0.0
4.3 60.54 6.27 2.45 2.37 11.42 9.44 5.10 1.40 0.64 202.23 35.8 47.0 60.54 Yes 1.452 1.219 21.4

a Particles N2 mm consist of aggregates of silt.
b Desert pavement.
c Bedrock.
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Fig. 3. Photographs of the 17 surface units selected for this study.
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usually a few cm), with many pebbles outcropping. There is no surface
crust; the sand is active and small juvenile dunes may locally occur.

2.6.2.5. Surface unit 1.5: outcrops of very fine sand and coarse silt.
These outcrops may occur in badlands and on steep slopes, but also on
plateaus. In Nellis Dunes Recreational Area they typically have a
yellow color, but this may be different in other areas. These surfaces
are almost free of vegetation and are usually stabilized by a silty sandy
crust.

2.6.3. Silt/clay areas

2.6.3.1. Surface unit 2.1: silt/clay with crust. These surfaces usually
occur near drainage channels in silt areas. The sediment is
predominantly composed of silt and shows a continuous crust.
Some vegetation (isolated shrubs) is typical. A few rock fragments
may occur, but they remain sparse.

2.6.3.2. Surface unit 2.2: silt/clay with gravel. Mixture of silt and
gravel, but with considerably more silt than gravel. A surface crust
may be present although many areas are not crusted. These surfaces
do not occur in drainage areas but are typically located on steep hill
slopes and plateau escarpments.

2.6.3.3. Surface unit 2.3: aggregated silt deposits. Silt/clay surfaces
where the particles are bound in aggregates up to 5 mm in diameter.
The percentage of free particles is low. A surface crust is common but
the crust may be disturbed or even absent. These surfaces are entirely
devoid of vegetation and look like a typical moon landscape.

2.6.3.4. Surface unit 2.4: disturbed silt surfaces. Mixture of non-
crusted silt, rock fragments and (eventually) bedrock. They occur in
areas where the surface has been disturbed by human activity and are
the silt equivalent of surface unit 1.3.

2.6.4. Rock-covered areas

2.6.4.1. Surface unit 3.1: desert pavements. Well developed and
mature desert pavements over a (usually silty) subsoil. The rock
fragments are partially embedded in the silt and rock cover density is
close to 100%. Vegetation (shrubs) may locally occur, but most desert
pavements are devoid of any vegetation.

2.6.4.2. Surface unit 3.2: rock-covered surfaces with silt/clay zones.
The top layer is composed of silt and contains many rock fragments.
The areas in between the rock fragments show a continuous and
permanent surface crust. Vegetation (shrubs) typically covers 10–15%
of the surface. These surfaces occur anywhere in the landscape and
are the dominant surface unit in the Nellis Dunes area, especially in
the E (Fig. 2C).

2.6.4.3. Surface unit 3.3: rock-covered surfaces with sandy loam.
These surfaces resemble surface unit 3.2, but the top layer contains
small amounts of sand. The sand has been blown in from nearby sand
areas. In the Nellis Dunes field they typically occur in silt areas located
closely to the sand dunes.

2.6.4.4. Surface unit 3.4: rock-covered surfaces with encrusted sand.
This type of surface is similar to the 3.2 and 3.3 surfaces but is almost
exclusively composed of sand, with only small amounts of silt.
However, the silt, together with the sand, is able to create a continuous
crust. This crust is muchweaker than the silt crusts of surface units 3.2
and 3.3 (Table 1). Vegetation (shrubs) is common.

2.6.4.5. Surface unit 3.5: bedrock and/or petrocalcic horizons.
Outcropping bedrock and areas of outcropping petrocalcic horizons.
Please cite this article as: Goossens, D., Buck, B., Dust emission by o
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The percentage of rock cover is close to 100%. Only near a few sparse
shrubs and in deep cracks may some silt have accumulated in the
course of time.

2.6.5. Active drainages

2.6.5.1. Surface unit 4.1: gravelly drainages. Active drainages with
almost pure gravel. In the Nellis Dunes area these surfaces typically
occur in the channels of the major drainages. The gravel is almost free
of sand, silt and clay and its cover percentage is close to 100%.

2.6.5.2. Surface unit 4.2: gravel and sand drainages. Active drainages
with a mixture of sand and gravel. They occur in sand areas, more
especially in the smaller sized valleys, and also in the upstream zone of
the larger drainages where there is insufficient water to wash the
sand. Vegetation is usually absent.

2.6.5.3. Surface unit 4.3: gravel and silt/clay drainages. Active
drainages with a mixture of silt and gravel. They are the silt equivalent
of surface unit 4.2, except that many of them have considerable
vegetation (usually shrubs). Silt/gravel drainages without vegetation
also occur, especially in first-order channels in badlands.

3. The Nellis Dunes experiment: procedure

All experiments were performed on dry soils. Moisture content
was always very close to zero: relative humidity in the region is
extremely low, evaporation rates very high, and no rains occurred
during at least 3 weeks prior to the measurements.

3.1. Vehicle types tested

Three types of vehicle were tested in the experiment: the 4-
wheeler (quad), the dune buggy, and the dirt bike (motorcycle). These
vehicles represent more than 99% of all off-road vehicles driving in the
Nellis Dunes. Fig. 4 shows a photograph of each vehicle. All vehicles
used in the test were equippedwith standard type tires. Tire treadwas
not considered as a parameter in this study.

3.2. Field procedure

Much attention was paid to seeking adequate experimental
locations, to ensure reliable as well as representative data. A track
long enough to attain high speeds was selected on each surface unit.
For safety reasons, and also to ensure homogeneous emissions near
the measurement spot, only straight sections without curves were
selected.

Two vertical poles with 4 sediment traps each were erected 1.5 m
from the centre line of the track (Fig. 5). BSNE samplers (Fryrear, 1986)
were used to collect the dust. We used BSNE samplers because of their
relatively large inlet area (10 cm2), and also because efficiency of the
BSNE is known for various grain size fractions (Goossens and Offer,
2000; Goossens et al., 2000; Sharratt et al., 2007). All data were
corrected for the efficiency of the traps. BSNEs were installed at the
following heights: 0.25 m, 0.50 m, 0.75 m and 1.00 m. Drivers were
asked to drive at approximately 1 m from the poles. Observations
during the runs revealed that the height of the dust cloud was always
between 1.0 and 1.5 m near the poles; dust clouds were thus
adequately sampled during the experiment.

Measurements were done on days when the wind blew perpendi-
cular to the road. During 95% of the runs the two poles were installed
on the same side of the road to ensure adequate collection. A few cases
occurred where the wind speed was so low that the dust was emitted
to both sides of the road; if that happened one of the poles was put on
the other side of the road, or if that was not possible, the amounts of
dust recorded by the traps were doubled. Careful observations were
ff-road driving: Experiments on 17 arid soil types, Nevada, USA,
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Fig. 5. Photo of the set-up of dust poles and dust traps during a dirt bike run.

Fig. 4. The three vehicle types tested. A: 4-wheeler (quad); B: dune buggy; C: dirt bike
(motorcycle).
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made of the wind during each run to determine the correction, and all
results were later corrected for low wind speed conditions (but this
was only necessary for a few tests).

Dirt bikes are normally being driven at higher speeds than 4-
wheelers and dune buggies. To ensure representative results it was
decided to select the driving speeds according to the type of vehicle.
Three speeds were selected for each vehicle at each location, and
although the drivers were able to drive with the same speeds on most
locations there were a few cases where they had to drive somewhat
slower for safety reasons. A portable electronic Schwinn speedometer
(Pacific Cycle Inc., Madison, WI, USA) was attached to each vehicle to
measure the exact speed during each run. For the dirt bike the speeds
Please cite this article as: Goossens, D., Buck, B., Dust emission by o
Geomorphology (2009), doi:10.1016/j.geomorph.2008.12.001
were usually around 32, 43 and 56 km h−1; for the 4-wheeler around
28, 36 and 48 km h−1, and for the dune buggy, around 24, 32 and
40 km h−1.

Between 22 and 30 runs were made for each combination of
driving speed, vehicle and surface type. Altogether 3684 runs were
made, 144 experiments in total. For safety reasons (very rough and
mountainous terrain), and also because of the absence of loose
sediment on the surface, no measurements were carried out on
surface unit 3.5 (bedrock). This does not really pose a problem for this
study because the emission will be virtually equal to zero on these
surfaces.

After each experiment clean BSNEs were installed on the poles.
Used BSNEs were immediately stored in a closed box to prevent
subsequent contamination of the traps.

Sediment samples were taken at all locations from the road and
also from undisturbed topsoil to investigate how long-term off-road
driving affects the topsoil.

3.3. Laboratory procedure

After each field test all BSNEs were taken to a closed laboratory for
dust collection. Samples were collected with a brush, and with great
care to not affect the grain size distribution. All samples were weighed
with an analytical Ohaus Explorer balance (Ohaus Corporation, Pine
Brook, NJ, USA). Precision of the measurements was 0.0001 g.

To determine the proportion of individual grain size fractions all
samples were analyzed with a Malvern Mastersizer 2000 grain size
analyzer (Malvern Instruments Ltd., Malvern, UK). Emissions were
calculated for grain size fractions between 2.5 μm and 100 μm. No
calculations were made for particles N100 μm since, in the current
study, we are only interested in the emission of suspendable particles.
All data for the coarser grain size fractions remain available for future
research, or for comparison, if required.

3.4. Calculation of the emission

Two possibilities exist to calculate the emission. Themost common
procedure is to calculate the emission as a flux, i.e. mass of sediment
emitted per unit surface and per unit time (expressed in, for example,
kg m−2 s−1). However, in the case of off-road driving this option is not
very useful because the area of road surface prone to emission
depends on the number of wheels of the vehicle, the width of the
wheels, and the surface structure of the wheels and the road: only
where the wheels effectively touch the road direct emissionwill occur
(in reality the problem is more complex because the intersurfaces can
also experience emission due to the turbulence created by the driving
vehicle). This makes it difficult to determine the exact size of the
ff-road driving: Experiments on 17 arid soil types, Nevada, USA,
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Fig. 7. PM10 emission curves, grouped for the major surface classes.

Fig. 6. Basic emission curves for PM10.
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emission surface and, thus, of the emission flux. A much better option
for off-road driving is to calculate the emission in terms of emitted
mass per unit length (for example, kg of dust emitted per driven km).
If the total length of a run is known, the total mass of dust emitted
during that run can be calculated. Of course, for adequate estimations
the emission rates should be known for various driving speeds, and
information is needed on the speed (and its variation) during a run.

In this study emission is presented as emittedmass per unit length.
The calculation procedure is as follows.

First, the amount of dust passing through the dust cloud is cal-
culated at the height of each trap. By dividing the mass of dust caught
by a trap through the trap's inlet area (10 cm2 for a BSNE), and after
correction for the trap's efficiency, the total transport (in g cm−2) at
each trap height is calculated. Next, the total mass transported
through a vertical strip 1 cmwide and parallel to the road is calculated
by vertically integrating the dust profile from the road surface (i.e., at
Please cite this article as: Goossens, D., Buck, B., Dust emission by o
Geomorphology (2009), doi:10.1016/j.geomorph.2008.12.001
zero height) to the top of the cloud. In the case of aeolian transport of
particles b100 μm the horizontal transport flux (Fh) usually decays
with height (z) according to the function Fh=azb, where coefficient a
and exponent b are determined empirically (Buschiazzo and Zobeck,
2005). The vertical transport profile in the dust cloud during the Nellis
Dunes experiments showed a similar decay for all experiments.
However, for mathematical reasons no calculations of the profile
down to z=0 are possible when the power function above is used.
Therefore the profile was described with a 4th order polynomial (for
several experiments a 3rd order polynomial already gave an optimum
fit). All curve fittings were carefully inspected in a graph before
calculating any transport to ensure adequate fits, but there were no
major problems.

The result of the calculation is the mass of dust transported
through a 1-cmwide strip parallel to the road and with a height equal
to the height of the cloud (very close to 1.5 m at the location of the
poles in almost all experiments). Since there is no dust above the
ff-road driving: Experiments on 17 arid soil types, Nevada, USA,
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Fig. 8. PM10 emission curves for the individual surface types.
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Fig. 9. PM10 emission curves, grouped for the 3 vehicles tested.
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upper edge of the cloud, this corresponds to the total mass of dust
emitted per unit length driven by the vehicle.

4. Results

4.1. PM10 emissions

For each combination of vehicle and surface type emission data are
available for 4 speeds: the 3 speeds tested during the experiments and
zero emission at zero driving speed (no wind erosion occurred during
the measurements). Since the emission progressively increased with
the driving speed, speed-emission curves could be constructed for all
experiments. Fig. 6 shows the curves for the 51 combinations of
vehicle and surface type for PM10. In order to not overload the graphs
and keep the pictures readable the individual data points are not
shown, but it should be emphasized that they are very close to the
curves shown. For example, for the 4-wheeler graph (upper graph in
Fig. 6) the correlation coefficient R is N0.95 for 16 of the 17 curves
(even N0.98 for 14 of the curves), and its lowest value is still 0.89
(surface unit 1.2). The other graphs show similar correlations.

Although the shape and position of individual curves vary with
vehicle and surface type the general trends in the figure are clear:
highest emissionswere alwaysmeasured on surface units 2.2 (silt/clay
with gravel) and 3.1 (desert pavements) whereas lowest emissions
occurred on the uncrusted (or onlyweakly crusted) sandy surfaces (1.1,
1.2, 1.3, 1.4, 3.4) and the gravel and bedrock surfaces (3.5, 4.1). The thin
surficial stone layer of the desert pavements (3.1) did not providemuch
protection against off-road driving (contrary towind erosion). The silty
surfaces (except 2.2 and 3.1) showed intermediate emission values.

To facilitate interpretations the data of Fig. 6 are replotted in Fig. 7,
for the silty and sandy surfaces separately and also for the ensemble of
all surface units. In addition, the emission values were calculated for
identical driving speeds for all vehicles. Interpolation was used to
calculate the emission at each particular speed. No data are shown for
the dune buggy at driving speeds N40 km h−1 because the dune buggy
was unable to reach such speeds during the experiments.

Fig. 7 shows that, on average, PM10 emission increased exponen-
tially with the driving speed. As could be expected, the silty surfaces
produced much more dust than the sandy surfaces. Also, emission
varied considerably with the type of vehicle. Most PM10 was emitted
by the 4-wheeler whereas, on average, the dune buggy and the dirt
bike emitted almost equal amounts of PM10 despite the dune buggy
having more wheels than the dirt bike (4 instead of 2).

Fig. 8 shows the speed-emission curves for the 17 surface units
separately. Although it is relatively easy to recognize the general trend
(highest emission: 4-wheeler; intermediate emission: dune buggy;
lowest emission: dirt bike) substantial differences occur for individual
surface units, bothwith respect to the relative order of the vehicles and
the rate of increase of emission with driving speed. These differences
do not appear to be systematically related to a specific type of surface
or vehicle but may occur anywhere in the data set (see Fig. 8), which
makes it difficult to interpret them.

In Fig. 9 thedata of Fig. 8 are replotted for the silty and sandy surfaces
separately, and also for the ensemble of all surface units. Similar to Fig. 7
the data were recalculated to identical driving speeds to facilitate
comparisons. The general trend is clear: most PM10 was emitted by the
4-wheeler, and this at all driving speeds. On average the dune buggy
produced slightly more PM10 than the dirt bike, but from a driving
speed of around 35 km h−1 the dirt bike seems to produce more PM10
than the dune buggy. This increased production is only discernable on
silty surfaces; it does not seem to occur on sandy surfaces.

4.2. TSP emissions

Fig. 10 shows the speed-emission curves for all 51 combinations of
vehicle and surface type, for the fraction b60 μm (defined in this study
Please cite this article as: Goossens, D., Buck, B., Dust emission by o
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as TSP, or total suspendable particles). We used the 60-μm limit as a
cut-off for TSP because it corresponds to the maximum size of those
grains that will still be transported in short-term suspension during
average conditions of wind speed and turbulence (Pye and Tsoar,
1990). It also nearly coincideswith the upper diameter of silt (52 μmor
63 μm, depending on which criterion is used).

The general trends already observed in Fig. 6 also appear in Fig. 10:
most dust was produced by surface units 2.2 (silt/clay with gravel) and
3.1 (desert pavements) whereas the sandy surfaces produced the least
amounts of dust. Differences between the PM10 and TSP patterns exist
for various surface units: a striking example are the 4.3 surfaces (silty
drainages), which proportionally emit much more TSP than PM10.
Less significant differences can be detected for several other surface
units.

Averaging the data for the two major surface groups (silty and
sandy surfaces) leads toTSP patterns that are similar to those for PM10
ff-road driving: Experiments on 17 arid soil types, Nevada, USA,
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Fig. 10. Basic emission curves for TSP.

Fig. 11. TSP emission curves, grouped for the major surface classes.
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(Fig. 11). Not surprisingly silty surfaces produce much more TSP than
sandy surfaces, for all 3 vehicles tested.

Plotting the speed-emission curves for individual surface units
shows similar patterns as for PM10 (Fig. 12, and compare to Fig. 8).
Differences do occur: examples are the dune buggy on surface unit 3.3
(rock-covered surfaces with sandy loam), and the 4-wheeler on
surface unit 3.4 (rock-covered surfaces with encrusted sand). Also
here, differences in the mutual behavior of the vehicles do not seem to
be systematically correlated to surface type, as for PM10.

Replotting the data for the silt and sand classes (Fig. 13) leads to
similar conclusions as for PM10. Most dust is produced by the 4-
wheeler whereas, on average for all surface types, the dune buggy and
the dirt bike produce almost equal amounts of dust. However, on
sandy surfaces the dune buggy proportionally emits much more TSP
Please cite this article as: Goossens, D., Buck, B., Dust emission by o
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than PM10 compared to the other vehicles. No such trend was found
for the silty surfaces.

5. Discussion

The data show that the amount of dust emitted by off-road vehicles
may strongly vary depending on which type of vehicle is driving with
what speed over what type of surface. This is quite understandable if
we consider how the emissions are produced. Most unpaved roads
consist of a graded and compacted roadbed usually created from the
parent soil material (Gillies et al., 2005). The rolling wheels of the
vehicle impart a force to the surface that pulverizes the roadbed
material and ejects particles from the shearing force as well as by the
turbulent vehicle waves (Nicholson et al., 1989). Previous studies have
shown that the emission rate primarily depends on the vehicle speed
(Nicholson et al., 1989; Etyemezian et al., 2003a,b), the fine particle
content of the road (Cowherd et al., 1990; MRI, 2001), the vehicle
ff-road driving: Experiments on 17 arid soil types, Nevada, USA,
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Fig. 12. TSP emission curves for the individual surface types.
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Fig. 13. TSP emission curves, grouped for the 3 vehicles tested.

Fig.14. Relationship between TSP emission rate and silt content of the road surface. Data
points of the 4-wheeler and dirt bike for surface unit 2.2 are out of the vertical range and
do not appear in the picture.

14 D. Goossens, B. Buck / Geomorphology xxx (2009) xxx–xxx

ARTICLE IN PRESS
weight (US EPA,1996; MRI, 2001; US EPA, 2003), and the soil moisture
content (Gillies et al., 2005). This is reflected by the 1995 US EPA AP-42
guidance document, where the emission is quantified as

EF = 0:161dsdSdW0:7dw0:5d
365−p
365

� �

where EF is the emission factor (g/vehicle kilometer traveled), s the
silt content of the road material (%), S the vehicle speed (m s−1),W the
weight of the vehicle (Mg), w the number of wheels, and p the
number of days per year with measurable precipitation (N0.25 mm).
However, later versions (US EPA, 1999) no longer included the vehicle
speed as a parameter in estimating emission factors for unpaved roads
(Etyemezian et al., 2003b).

Vehicle speed is an important parameter, however, as is clearly
demonstrated by the Nellis Dunes experiment. Inmost cases (combina-
tions of vehicle type and surface unit) the increase of emission with
vehicle speed was exponential, similar to what has been found in other
Please cite this article as: Goossens, D., Buck, B., Dust emission by o
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studies (e.g. Etyemezian et al., 2003b;Hussein et al., 2008). In a fewcases
the relationship was linear, as suggested by the US EPA (1995) formula.
Linear relationships have also been reported by Gillies et al. (2005) and
Hussein et al. (2008). The Nellis Dunes experiment did not show
correlations between the type of increase (linearor exponential) and the
surface or vehicle type.

The effects wheel and tire parameters (such as wheel diameter,
wheel width and tire tread) have on dust emission have not yet been
adequately quantified and these parameters do not appear in the
emission equations currently in use. This study did not consider these
parameters, but all vehicles used were equipped with standard-sized
wheels and tires.

The large number of surface types tested in this study permit
checkingof theproposed relationshipbetweenemissionand silt content
of the road material. Samples were taken from the roads at the same
locations where the emissions had been measured. The silt content
(b60 μm) was determined with the Malvern Mastersizer 2000
instrument after the non-erodible fractions (N500 μm) had been
removed by sieving. Plotting the emission (TSP) as a function of the
silt percentage amore or less linear relationship is observed (Fig.14), but
there is considerable spread in the data. This is reflected by the
coefficient of determination R2, which, for the data in Fig.14, equals only
0.43. The data in Fig. 14 are for the average driving speeds of the distinct
vehicles. Looking at the R2 values for individual speeds we find that the
relationship between TSP emission and the silt content of the road
becomes better as the driving speed increases. The R2 values are: 0.27
(10 kmh−1), 0.30 (20 kmh−1), 0.34 (30 kmh−1), and 0.47 (40 kmh−1). No
R2 could be calculated for a speed of 50 km h−1 because the dune buggy
was unable to attain this speed over the surface types tested. Therefore,
driving speed is a crucial parameter in off-road driving and formulae
calculating the emission must include it.

Fig. 15 shows the proportion of PM10 in the emitted TSP. The PM10
content does not seem to vary with the driving speed, regardless of
which soil class (silt or sand) or vehicle type is considered. The graphs
on the left also show that the proportion of PM10 in the total dust
production is almost identical for the dune buggy and the dirt bike.
This is unlike the 4-wheeler, for which the dust emitted containsmore
PM10 compared to the two other vehicles when driving over sandy
surfaces, but less PM10when driving over silty surfaces. As an average
for all surfaces tested the PM10 content in dust emitted by a 4-
wheeler is slightly lower than in dust emitted by a dune buggy or a dirt
bike. A replot of the data for each distinct vehicle (Fig. 15, right) leads
to the same conclusions. In general, for the surface units tested in the
Nellis Dunes experiment the proportion of PM10 in the TSP is between
15 and 25%, slightly varying with vehicle and surface type, but not
with driving speed.
ff-road driving: Experiments on 17 arid soil types, Nevada, USA,
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Fig. 15. Proportion of PM10 in TSP.
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Fig. 16 shows the (average) median grain diameter (D50) of the
emitted dust. As mentioned earlier, for safety and practical reasons it
was not possible to drive with the same speeds over all surface units.
Therefore, to be able to calculate average curves (such as in Fig. 16) the
raw D50 data were first plotted in a graph to check how D50 varied
with the driving speed. This was done for all surface units, and for all 3
vehicles. The data showed that D50 did not vary substantially with the
driving speed, and for those cases where a (slight) relationship was
observed the relationship was almost linear. To reconstruct the D50
for standard speeds (3 for each vehicle, see Fig. 16) we thus used linear
interpolation (or, in a few cases, extrapolation).

Two conclusions can be derived from Fig. 16. First, the average size
of the emitted dust (represented in this study by the average median
grain diameter in the vertical dust profile, that is, in the dust cloud)
remains almost constant as a function of the driving speed. A slight
increase (coarser dust) with speed occurs for sand surfaces, but for silt
surfaces a (similarly small) decrease occurs (Fig. 16, left). Secondly, the
dust emitted by a dune buggy is finer than that emitted by a 4-wheeler
or a dirt bike regardless over which class of soil (sand or silt) the
Please cite this article as: Goossens, D., Buck, B., Dust emission by o
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vehicle is driving. The 4-wheeler and dirt bike emit nearly evenly
coarse dust. Replotting the data for the distinct vehicles (Fig. 16, right)
leads to the same conclusions.

A comparison between the emitted dust and its parent material
(on the road surface) is presented in Table 2. Formost surface units the
median grain diameter of emitted dust is smaller than that of the
parent sediment: off-road driving preferentially removes the finest
particles. Unless new fine particles can be supplied (for example, by a
progressive incision of the road in the underlying substratum) the
road surface will thus coarsen with time. An important exception to
this are the surface units 2.2, 2.3 and 2.4, i.e. silty surfaces without, or
with only a limited amount of vegetation. For these surfaces the
median grain diameter of the emitted dust is almost equal to (or even
slightly higher than) that of the road dust, i.e. roads on these surfaces
do not get coarser by off-road driving.

Columns 4 and 5 in Table 2 show the PM10 content on the road and
in the emitted dust, respectively. As could be expected, roads with
higher PM10 produce PM10-rich dust. However, the PM10 content is
always lower in the emitted dust compared to the parent soil (see
ff-road driving: Experiments on 17 arid soil types, Nevada, USA,
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Fig. 16. Average median grain diameter (D50) of emitted dust as a function of driving speed.
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right column in Table 2). The average value for all surface units (called
in this study the E-factor, see Table 2) is only 0.57, or 57%. Therefore,
off-road driving emits PM10 less efficiently than it emits the coarser
fractions.

The Nellis Dunes data allow one to check for which grain size
fraction(s) emission is most efficient. Calculating the E-factor for
various grain size classes and displaying the results in a histogram
(Fig. 17) we see that emission due to off-road driving is most efficient
at a grain size of approximately 60 μm. This value is only slightly
smaller than that for wind erosion, which is situated around 80 μm
(Bagnold, 1941; Horikawa and Shen, 1960; Iversen and White, 1982).
Fig. 17 also shows that the E-factor drops below unity from a grain size
of approximately 25 μm — i.e. for grains b25 μm the emission process
is not very efficient. Particle and interparticle forces (cohesion and
adhesion) hamper the removal of the grains from the road surface.

It should be recalled that all numbers given abovewere derived for
air-dry surfaces; for moist surfaces they will be substantially higher.
Please cite this article as: Goossens, D., Buck, B., Dust emission by o
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When driving off-road, drivers usually drive their vehicles over
various types of surfaces. Also, they constantly change their speed due
to local factors such as topography, curves in the road, local obstacles,
etc. To get an idea of the amounts of dust produced during a realistic
drive, various routes were selected in the Nellis Dunes area and the
emission was calculated for typical drives along these routes. The
following scenarios were calculated:

• Scenario 1: drive through a sandy area
• Scenario 2: drive through a silty area
• Scenario 3: drive through drainages
• Scenario 4: drive through mixed terrain

Fig. 18 shows the trajectories, plotted on the simplified surface unit
map. Detailed information for each route is given in Table 3. For each
scenario the emission was calculated for both PM10 and TSP, for all 3
vehicles tested, and for 5 driving speeds varying from 10 to 50 km h−1

(10 to 40 km h−1 for the dune buggy).
ff-road driving: Experiments on 17 arid soil types, Nevada, USA,
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Table 2
Grain size characteristics of emitted dust compared to the parent sediment (average for
all vehicle types and driving speeds tested)

Surface
unit

D50 (μm) PM10 content in
total sediment (%)

PM10 in emitted
sediment/PM10
on road surfaceRoad

surface
Emitted
sediment

Road
surface

Emitted
sediment

1.1 215 189 0.00 0.00 NA
1.2 196 118 4.23 2.32 0.55
1.3 175 101 5.92 2.78 0.47
1.4 157 102 3.72 1.77 0.48
1.5 164 88 7.64 6.76 0.88
2.1 117 83 4.78 3.41 0.71
2.2 73 69 11.05 6.12 0.55
2.3 57 72 13.08 6.63 0.51
2.4 71 70 8.27 6.39 0.77
3.1 98 80 24.45 8.67 0.35
3.2 96 65 14.37 7.61 0.53
3.3 143 101 6.46 4.03 0.62
3.4 165 109 5.04 2.56 0.51
3.5 NA NA NA NA NA
4.1 271 80 5.51 3.62 0.66
4.2 252 111 4.04 3.68 0.91
4.3 147 73 5.17 3.49 0.67

Average (=E-factor) 0.57

Fig. 17. E-factor for various grain size classes of road dust.
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Fig. 19 shows the results for PM10. The main conclusions are: 1) in
all 4 scenarios the largest amounts of PM10 are produced by the 4-
wheeler, followed by the dune buggy and the dirt bike; 2) the faster
the vehicles are driving, the more PM10 they will emit; 3) typical
amounts of PM10 emitted are as follows: for drives in sand areas: 30–
40 g km−1; for drives in silt areas: 150–200 g km−1 (100 g km−1 for dirt
bikes); for drives through drainages: 30–40 g km−1; and for drives in
mixed terrain: 60–100 g km−1.

Similar curveswere calculated for TSP (Fig. 20). Thepictures resemble
those for PM10, although some slight differences can be observed for the
dune buggy in the sand and drainage areas. The typical amounts of TSP
emitted are: for drives in sand areas, about 200 g km−1; for drives in silt
areas, 600–700 g km−1 (1000–2000 g km−1 for 4-wheelers); for drives
throughdrainages, 300–400 g km−1 (100–200 g km−1 for dirt bikes); and
for drives in mixed terrain, 300–500 g km−1 (500–800 g km−1 for 4-
wheelers).

For various reasons it is very difficult to estimate the total annual
emission produced by off-road driving in the Nellis Dunes area. First,
no exact data are available on the number of people visiting the area
annually. A rough estimate of 285000 was made by BLM (2004), but
this number is highly uncertain because in southern Nevada the
number of off-road drivers has increased by a factor of 4 in only a few
years (Spivey, 2008). Second, no information is available on the
distances driven by each driver during a visit. Third, both experienced
and inexperienced drivers visit the area and the driving speeds thus
show great variation. Fourth, no information is available on the
number of drives conducted over each particular surface unit. Finally,
most drivers stay in thewestern part of the area and rarely drive to the
east since the two entrances to the field are both located in the west.

Despite these difficulties, an attempt was made to make a (very)
crude estimate of the annual emission. The calculation was based on
the following assumptions:

• 300000 visitors per year
• drives over mixed terrain
• use of an “average” vehicle
• average driving speed during a run=25 km h−1

• average length of a run=10 km

With these data the annual emission is 1253 tons year−1 (TSP) and
255 tons year−1 (PM10). The heavily driven areas encompass
approximately 11 km2; the remaining 26 km2 are (very) much less
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driven. If we accept that all emission takes place in the heavily driven
area (a realistic approximation in the case of the Nellis Dunes area),
then the annual emission rates in the heavily driven area are 1.1 t ha−1

year−1 (TSP) and 0.2 t ha−1 year−1 (PM10). For an average driving speed
of 35 km h−1 the numbers are 2.0 t ha−1 year−1 (TSP) and 0.4 t ha−1

year−1 (PM10), and for an average driving speed of 40 km h−1, which is
still very realistic, 2.5 t ha−1 year−1 (TSP) and 0.5 t ha−1 year−1 (PM10).
These rates are of the same order of magnitude as those for wind-
induced emission in many wind-erosion sensitive areas on the globe
(Xuan et al., 2000; Goossens and Gross, 2002). Therefore, despite of
the high uncertainty in the calculations it is reasonable to state that
off-road driving can be a significant source of dust.

6. Conclusions

The experiments in the Nellis Dunes area show that off-road
driving emits significant amounts of dust. This is true for PM10 dust as
well as for coarser dust. However, the amounts emitted vary greatly
with the type of sediment and the characteristics of the surface over
which the vehicle is driving. For evident reasons sandy soils produce
less dust than silty soils. However the high internal variability within
mapped units (rock content, presence of vegetation, contamination of
the top layer with locally blown in sediment, etc.) can also
significantly affect emission rates. Using only a single soil parameter
(such as the percentage of silt, as in the 1995 US EPA AP-42 formula) is
thus insufficient to describe the effect of soil on dust emission.

As already reported in many previous studies the emission rates
strongly depend on the driving speed. However, the Nellis Dunes
experiment did not show systematic correlations between the
normalized rate of increase of emission with speed and surface type.
Similar surfaces can show different rates, which makes it difficult to
model the emissions. Field measurements on the spot remain
necessary for obtaining adequate data in each particular case.

Of the three types of vehicles tested, the 4-wheeler produced the
largest amounts of dust, followed by the dune buggy and the dirt bike.
It may be worth recalling that in many areas the dirt bike is able to
drive faster than the dune buggy (and, sometimes, the 4-wheeler).
Also, the dust emitted by a dune buggy is somewhat finer than that
emitted by a 4-wheeler or a dirt bike.

Dust emitted by off-road driving is finer than the parent sediment
on the road surface. Off-road driving thus results in a progressive
coarsening of the top layer on the road, except for silty surfaces with
no, or almost no, vegetation. For these surfaces there is no substantial
difference in the median grain diameter of the emitted dust compared
to the road dust. Off-road driving will not alter the average grain size
of these roads.

Removal of particles by off-road driving is most efficient for grain
sizes around 60 μm. For particles b25 μm the efficiency (in physical
ff-road driving: Experiments on 17 arid soil types, Nevada, USA,
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Fig. 18. Trajectories of the 4 driving scenarios, superimposed on the simplified surface map.1: Scenario 1 (sandy area); 2: Scenario 2 (silty area); 3: Scenario 3 (drainages); 4: Scenario
4 (mixed terrain).
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terms) of the process becomes very low: cohesion and adhesion forces
hamper emission of the grains. These numbers were derived for air-
dry surfaces; for moist surfaces they will be substantially higher. It
should be noted, however, that the finest particles (PM10, or even
PM5) have most impact on human health.

Realistic emission rates for off-road driving on dry surfaces with 4-
wheelers, dune buggies and dirt bikes are: drives in sandy areas, 30–
40 g km−1 (PM10) and 150–250 g km−1 (TSP); drives in silty areas,
100–200 g km−1 (PM10) and 600–2000 g km−1 (TSP); drives in
drainages, 30–40 g km−1 (PM10) and 100–400 g km−1 (TSP); and
drives in mixed terrain, 60–100 g km−1 (PM10) and 300–800 g km−1

(TSP).
Table 3
Characteristics of the driving scenarios tested

Scenario 1: sand area Scenario 2: silt area

Surface
unit

Distance driven Surface
unit

Distance driven

m % in drive m % in drive

1.1 225 6.62 2.2 11 0.27
1.2 1157 34.03 3.1 264 6.43
1.3 714 21.00 3.2 3654 88.97
1.4 925 27.21 4.1 57 1.39
3.2 343 10.09 4.3 121 2.95
4.2 29 0.85
4.3 7 0.21

Total drive 3400 100.00 Total drive 4107 100.00
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It was difficult to make (even very crude) estimates of the annual
amount of dust emitted in the Nellis Dunes area by off-road driving
because of the lack of information on the number of drivers, the length
of each drive and the specific routes followed. However, calculations
based on realistic values for these criteria indicate that emission by
off-road driving can be of the order of several t ha−1 year−1, which is
comparable to wind erosion. In areas with stabilized surfaces (areas
with an undisturbed surface crust, for instance) off-road drivingmight
emit even more dust than wind erosion does. Much depends on how
intense the area is driven by the vehicles, how stable the undisturbed
surfaces are, and what types of vehicle are used. Heavy vehicles such
as cars and trucks, which were not tested in this study, produce even
Scenario 3: drainage area Scenario 4: mixed area

Surface
unit

Distance driven Surface
unit

Distance driven

m % in drive m % in drive

4.1 4070 51.95 1.2 125 1.50
4.2 1590 20.29 1.3 889 10.67
4.3 2175 27.76 1.4 429 5.15

1.5 154 1.85
2.1 164 1.97
2.3 1239 14.88
2.4 146 1.75
3.1 157 1.89
3.2 3654 43.88
3.3 861 10.34
4.1 321 3.85
4.2 7 0.08
4.3 182 2.19

Total drive 7835 100.00 Total drive 8328 100.00

ff-road driving: Experiments on 17 arid soil types, Nevada, USA,
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Fig. 19. PM10 emission rates for the 4 scenarios tested.

Fig. 20. TSP emission rates for the 4 scenarios tested.
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more dust than the vehicles used in this study (4-wheelers, dune
buggies and dirt bikes).
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